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ABSTRACT
Climate change related drought is projected to harm maize production. Water use
strategies can help mitigate the impact of drought on crop yield. However, little is known
about maize metabolic response to drought at different developmental stages. To shed
light on this, drought conditions were applied to maize at the six-leaf stage (V6), twelve
leaf stage (V12), and tassel stage (VT). V6 and VT took eight days to achieve a low
stomatal conductance threshold, but V12 took 16 days. Differential gene expression
analysis of the transcriptome indicates that V6 showed the most response with 53
impacted metabolic pathways, many of which indicated cellular damage and a reduced
stress tolerance. V6 showed water conservation. Twelve and ten pathways were
modulated under drought conditions at the V12 and VT stages, respectively. V12 had
pathway modulation indicating water conservation and improved stress tolerance. VT
responses focused on growth and development, not water conservation.
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INTRODUCTION
Maize is the cereal crop most widely grown throughout the globe and is a staple
food in most of the Third World (Dowswell et al.1996). By 2055, maize production in
Africa and Latin America could be reduced by as much as 10% due to climate change
related water shortages (Jones and Thornton 2003). In the United States, variability in
precipitation is predicted to reduce crop productivity, with all agricultural systems
anticipated to be impacted by climate change (Walthall et al. 2013; Xu et al. 2016). The
effects of climate change on water availability and drought directly impact agriculture,
and as a result impact efforts at reducing poverty and promoting food security (Solh and
van Ginkel 2014).
Reduced soil water content due to drought has a negative effect on maize crop
production, and some developmental stages are more susceptible to drought than others
(Lu et al. 2017). It has been shown that high yield can be achieved and drought can be
mitigated by altering the planting date of maize according to the soil moisture content at a
specific date to minimize drought stress during the most vulnerable developmental stages
(Lu et al. 2017).
Irrigation of crops is one way to mitigate reduced rainfall as a result of climate
change (Kurukulasuriya et al. 2006). Agricultural irrigation is the world’s largest waterconsuming activity. There has been an increase in the number of studies focused on
irrigation through a lens of sustainability, environmental impact, resource conservation,
and water use efficiency (Velasco- Muñoz et al. 2019). Conserving water resources
could involve the strategic rationing of irrigation water. It has been shown that maize can
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adapt to water rationing with some positive results as measured by crop yield (Ge et al.
2012), especially if full water is applied after the tasseling developmental stage.
Drought has been shown to alter maize physiology, including a reduction in
photosynthetic rates and stomatal conductance (Wijewardana et al. 2017). Additionally,
abscisic acid (ABA) have been shown to regulate stomatal closure in order to control
water loss (Kriedemann et al. 1972; Wang et al. 2019; Gao et al. 2018), and to be relevant
to drought response and water use efficiency (Cai et al. 2017).
In addition to measuring drought responses through these physiological
measurements and crop yield, the metabolic response of maize to drought can be
examined via transcriptomic analysis (Wang et al. 2019). However, the transcriptomic
responses of maize to drought at different developmental stages remains poorly
understood, especially in cases of extreme drought. Such data could prove valuable to
inform water resource management strategies where crop survival is critical. Previous
studies have shown that crop yield is reduced by drought after the tassel stage, but
drought can be tolerated prior to tasseling (Ge et al. 2012). However, these efforts have
been made in an outdoor, field setting and have relied primarily on physiological and
crop yield assessments. Field experiments are limited by unpredictable environmental
variables, such as weather changes and exposure of plants to insects. In addition, the
detailed metabolic responses of different developmental stages to drought remains poorly
understood, especially with regard to pre-tassel developmental stages and younger plants.
This study sought to investigate the impact of drought on the metabolism of three
distinct developmental stages in maize under environmentally controlled greenhouse
conditions. By utilizing transcriptomic analysis in conjunction with physiological
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measurements designed to verify drought impact, this study tested the hypothesis that the
physiological differences previously observed in maize drought response between pretassel and post tassel stages have a corresponding metabolic response and that there are
differences in metabolic responses to drought between developmental stages. A major
goal was to provide useful data from a metabolic pathway analysis from a
developmental-stage-relevant perspective that could help inform irrigation practices and
other water use conservation strategies to maximize crop yield under drought.
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MATERIALS AND METHODS
Experimental Design Overview
B73 Maize was grown from seed in a greenhouse under natural light and with
climate controls set to maintain a temperature of ~22 °C during the winter (+/- 1°), and
~25 °C during the summer (+/- 1°), and a recorded average relative humidity of ~29 %.
Three sets of eight plants were grown to specific developmental milestones; six leaves
(V6), twelve leaves (V12), and emergence of tassels (VT). (Figure 1). Four of the eight
plants in each development stage continued to receive water as a control group, and the
other four were deprived of water to the point of a mean stomatal conductance value of
less than 0.04 (mol H20 vapor m-2s-1), which took several days to achieve depending on
developmental stage (Figure 2). A stomatal conductance value of 0.04 is typically less
than 30% of the conductance of well-watered plants at the same developmental stage
(Figures 4 and 6).
When the drought treated plants reached the desired mean conductance value, the
uppermost fully developed leaf was cut from each plant as a tissue sample and RNA was
extracted. Sequenced poly-A selected RNA reads were then subjected to transcriptomic
analysis to characterize and compare the gene expression profiles for each treatment.
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V12 (12 leaf stage)
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Center for Space and Earth Science
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Figure 1 – Experimental Design. Drought was monitored at three developmental stages
with eight replicate plants for each stage (4 droughted plants and 4 watered controls). A
depiction of the maize plant for each given stage of development is shown in terms of
leaf count or presence of tassels. Yellow leaf color indicates which leaf was sampled.
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Figure 2 – Timing of Drought and Sampling. Number of days with full water (blue
bar) and no water (orange bar), including number of days to tissue sampling. The point at
which the orange bar commences is when each stage hit its developmental milestone, and
the end of the orange bar indicates when the mean low stomatal conductance threshold
was reached (0.04 mol H20 vapor m-2s-1) and tissue samples were collected.

6

Cultivation
Maize B73 seeds were planted in two-gallon plastic pots, approximately 2cm
below the surface. Each pot received three seeds, was watered to saturation, and was
covered in plastic wrap. Germination took eight days for the V6 plants, and seven days
for V12 and VT. Upon germination, the plastic was removed. When the third leaf
emerged, plants were thinned, leaving the single largest plant in each pot. The V6 stage
was grown in a combination of agricultural soil and sand (ratio of one part sand to one
part soil), while the V12 and VT stages were grown in an artificial soil, fritted clay which
has been shown to be suitable for growing plants (van Bavel et al. 1978). A three-part
fertilizer (General Hydroponics, USA, Flora Series, including FloraMicro, FloraGrow,
and FloraBloom) was added to filtered tap water according to manufacturer
specifications. Plants were given approximately 500mL of fertilized water on Monday,
Wednesday and Friday in the morning. As there was some variation in plants
development, the drought protocol was not applied to the stage until all of the plants had
reached the desired developmental milestone (Figure 2). In all cases, this happened
within a week of the first plant reaching the milestone, with the longest lag time for the
latest developmental stages.
To induce drought stress, water was withheld from four of the eight plants at each
developmental stage. During this time soil moisture measurements were taken
(Hydrosense II, Campbell Scientific, 815 W 1800 N Logan, UT 84321-1784 USA) using
the 10cm probes, using factory calibrations. Readings were taken from both the control
group and drought group in the morning on watering days prior to the watering of the
control group, three readings per pot, with the average of the three recorded.
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Low Stomatal Conductance Verification & Physiological Measurements
Once the plants had all reached their developmental milestone, the drought
protocol was introduced. Low conductance was assessed using a LiCor LI6400 (LI-COR
Biosciences, Inc. • 4421 Superior Street • Lincoln, Nebraska 68504), Leaf chamber
conditions were set to a CO2 concentration of 400 ppm with a flow rate of 500 mmol s-1,
a relative humidity of 20%, a PAR setting of 1500 mmol m-2 s-1, and a block chamber
temperature of 25 °C.
When soil moisture content of the drought-treated plants was lower than 10%
water content, stomatal conductance was assessed, using the second leaf from the top,
with an average measurement duration of between five and ten minutes to allow the
instrument to equilibrate. Readings were taken after watering (only control group plants
were watered, not the drought group), in either the late morning or early afternoon.
Sampling of tissue was delayed until the mean conductance reading was less than 0.04
(mol H20 vapor m-2s-1). It took the V6 and VT stages 8 days of drought to reach the
necessary stomatal conductance, however it took the V12 state twice as long (Figure 2).
As stomatal conductance rates were measured for each plant, photosynthesis rates
were also recorded by the LiCor 6400, and these were included along with soil moisture
content to provide the three key physiological measurements for this study.
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Physiological Data Analysis
To test whether there was a correlation between soil moisture, conductance, and
photosynthesis, a simple linear regression model was used to plot each replicate in the
experiment.
To determine whether developmental stage had a greater impact than
experimental treatment group (or vice versa) on variance between the samples, a two-way
ANOVA analysis was performed using the Sidak test. A multiple comparison approach
was used based on the mean values of each stage being used across treatment groups.
One analysis was done for conductance measurements, the other for photosynthesis
measurements.
Both the simple linear regression analysis and the two-way ANOVA analysis
were performed using Prism GraphPad (https://www.graphpad.com).

Tissue Sampling, RNA Extraction, and RNA Sequencing
Leaf tissue was sampled from the same leaf that LiCor measurements were taken
from, with nearly the entire leaf being collected. Each leaf was first wiped with ethanol
to remove contaminants and sheared off with clean scissors at approximately two to four
centimeters from the stem of the plant. V6 leaf tissue was then wrapped in foil cleaned
with ethanol. V12 and VT leaf tissue was placed in a sealed and sterile 50mL Falcon
tube. The contained leaves were then immersed in liquid nitrogen and flash frozen, and
then placed in a Ziplock bag for storage in a -80° C freezer.
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RNA was extracted from leaf tissue using E.Z.N.A.Ò Plant RNA Kit (Omega
Bio-tek, USA, R6827-01) according to the manufacturer’s instructions with the following
modifications; 50-75mg of flash frozen maize leaf tissue was placed in a sterile
disposable mortar tube (Takara Bio) with 75uL of Bashing Bead Buffer (Zymo
Research), dipped in liquid nitrogen to freeze and a sterile disposable pestle (Takara Bio)
was used to grind the tissue until full homogenization. Hereafter the standard protocol for
the kit was followed, including the RNase-free DNase I treatment.
Post extraction, RNA quantity and quality was assessed using a Nanodrop
(Multiskan SkyHigh Microplate spectrophotometer, A51119500C, ThermoFisher, USA)
and using the Tapestation RNA Assay Reagents and RNA ScreenTape (Agilent, Cat.
#5067-5577 and #5067-5576). 260/280 ratios ranged from 2.27 to 2.45, while 260/230
ratios ranged from 1.54 to 2.11. Concentration levels ranged from 92.5 to 203 nanograms
per microliter.
Polyadenylated RNA was selected from 500 ng of purified total RNA using the
TruSeq stranded mRNA Library Prep Kit (Illumina, Cat.#20020595). RNA was
converted to cDNA and adapters and indexes were added onto the ends of the fragments
to generate Illumina libraries for sequencing. Illumina libraries are eluted in DNA
Elution Buffer (Zymo Research, Cat. #D3004-4-10). The concentration of the libraries
was obtained using the Qubit dsDNA HS Assay (ThermoFisher Scientific, Cat.
#Q32854). The average size of the library was determined by the Agilent High
Sensitivity DNA Kit (Agilent, Cat. #5067-4626). An accurate library quantification was
determined using the Library Quantification Kit – Illumina/Universal Kit (KAPA
Biosystems, KK4824). Libraries were normalized to the same concentration based on the
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qPCR results. Each library was sequenced on approximately four percent of a NextSeq
High Output flow cell to generate paired-end 151 bp reads using the NextSeq 500/550
High Output v2.5 Kit (300 cycles) (Illumina, Cat. #20024908). Illumina TruSeq DNA
and RNA adapters were used (https://supportdocs.illumina.com/SHARE/AdapterSeq/Content/SHARE/AdapterSeq/TruSeq/CDIndexes
.htm).

Differential Gene Expression Analysis
The differential gene expression workflow is summarized in Figure 3. Raw
Illumina sequence reads were trimmed for quality and to remove adapters using FaQC on
the EDGE bioinformatics web site (http://edge-prod.lanl.gov/). The FaQC pre-processing
module was run with the following settings – Run Quality Trim and Filter, yes; Quality
Offset, AutoCheck; Trim Quality Level, 20; Average Quality Cutoff, 0; Minimum Read
Length, 50; “N” Base Cutoff, 10; Low Complexity Filter, 0.85; Primer Trim Method,
FaQCs; Trim polyA, off, Cut #bp from 5’-end, 0; Cut #bp from 3’-end, 0. The trimmed
reads were used as input for the PiReT transcriptome analysis tool on the EDGE
bioinformatics web site with a reference genome (The B73 maize genome;
(https://www.ncbi.nlm.nih.gov/assembly/GCF_902167145.1) and an experimental design
file. PiReT was run with default settings except a) the Eukarya kingdom was selected,
and b) the Q-value was set to 0.05.
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Transcriptomics Analysis Workflow
Read
Trimming:
FaQC via
plain EDGE

Inputs: trimmed
reads;
experimental
design;
references

Read
Mapping:
HISAT2

Pathway
Analysis:
Opaver Kegg
KO tables

Outputs: differentially expressed
genes; enriched pathways,
visualization

Counting:
StringTie

Differential
Expression:
EdgeR

Figure 3 – Transcriptomics Analysis Workflow. Flowchart illustrating the PiReT
transcriptome analysis pipeline. FaQC handles read trimming using a .fasta file with
primer sequences. StringTie handles raw read count data on a per-gene level. EdgeR
(Robinson et al. 2010) handles differential gene expression analysis including data on
logFC, Pvalues, and false discovery rates for significantly differentially expressed genes.
The pathway analysis component outputs a set of tables showing KO numbers for coding
sequences along with logFC and Pvalue data. PiReT outputs include MDS plots, MD
plots and tables of differentially expressed features.
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Metabolic Pathway Analysis
Gene enrichment analysis was completed using the “GAGE” package (Luo et al.
2009), as a part of a set of customized R scripts (Rizzo 2019). In addition, the
“Pathview” package (http://bioconductor.org/packages/release/bioc/html/pathview.html)
(Luo and Brouwer 2013) was utilized to map gene expression profiles onto KEGG
pathways (https://www.genome.jp/kegg/) (Kanehisa and Goto 2000). The catalogue of
differentially expressed genes were used as the input for metabolic pathway analysis.
Based on pairwise comparisons between control and drought groups for each
developmental stage, all transcripts mapped to metabolic pathways were significantly
differentially expressed (multiple-testing corrected P-value ≤ 0.016), with minimum
logFC absolute values of 0.05.
The populated metabolic maps were reviewed manually in order to determine
whether a given pathway was up or down regulated, based on the logic that if a pathway
included two or more genes in it that were strongly up or down regulated, it was included
in the body of differentially expressed pathways for this study. In cases where some
genes were upregulated and some were downregulated in the same pathway and there
was a majority of genes one way or another, the pathway was determined to be up or
down regulated in accordance with the majority. If it was ambiguous whether a pathway
was up or down regulated due to weak signals, or due to an even split in up and down
regulated constituent genes, it was not included.
Because these pathways were generic, canonical pathways not specifically keyed
to maize, a literature review was carried out to determine a putative function for each
based on previous research in maize.
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RESULTS
Physiological Measurements
The data from baseline physiological measurements taken just prior to the
collection of tissue for each treatment indicate that the application of drought protocols
caused a drop in rate of conductance, rate of photosynthesis, and soil moisture content,
regardless of the developmental stage of the plant (Figures 4 through 7). Mean
conductance values for control groups ranged from between 0.09. and 0.11 (mol H20
vapor m-2s-1), while mean conductance values for drought groups ranged between 0.02
and 0.03 (Figure 4). Mean photosynthesis values for control groups ranged from 10 to 12
(μmol CO2 m-2s-1), while mean photosynthesis values for drought groups ranged from 2.5
to 5 (Figure 5). The V6 and V12 stages showed readings that were more tightly grouped
among replicates, while the VT stage showed the greatest variability with regard to
conductance and photosynthesis for the drought group. Rates of conductance and
photosynthesis were fairly consistent across all developmental stages for the control
group (Figures 4 and 5).
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Figure 4 – Two-Way ANOVA of Stomatal Conductance. The analysis indicates that
developmental stage accounts for 2.1% of the variation (p-value of 0.43 is not
significant), while treatment group accounts for 62% of the variation (p-value of 0.0041
is significant).
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Figure 5 – Two-Way ANOVA of Rate of Photosynthesis. The analysis indicates that
developmental stage accounts for 3% of the variation (p-value of 0.42 is not significant),
while treatment group accounts for 60% of the variation (p-value of 0.0009 is
significant).
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Results of the simple linear regression model used to plot each experimental
replicate indicated that there was a correlation between a decrease in soil moisture and
decreases in both conductance and photosynthesis as expected. The soil moisture content
explained 44% of the variation in stomatal conductance (R2 =0.44 p= 0.031, significant at
alpha value < 0.05) (Figure 6). For photosynthesis, the soil moisture content explained
59% of the variation (R2=0.59, p=0.0024, significant at alpha value <0.05) (Figure 7).
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Figure 6 – Simple Linear Regression of Conductance versus Soil Moisture.
Comparison of conductance and soil moisture, with an r-squared value of 0.44, and a pvalue of r-squared of 0.031 which is significant at an alpha value of p < 0.05.
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Figure 7– Simple Linear Regression of Photosynthesis versus Soil Moisture.
Comparison of conductance and soil moisture, with an r-squared value of 0.59, and a pvalue of r-squared of 0.0024 which is significant at an alpha value of p < 0.05.
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A two-way ANOVA indicates that there were no statistically significant
differences between the developmental stages within each watering treatment, while the
differences between drought and control groups were statistically significant for each
developmental stage. This was true for both stomatal conductance and rate of
photosynthesis (Figures 4 and 5). This indicates that the drought treatment, rather than
developmental stage, was the key factor in observed drops in both conductance and
photosynthesis rates.

Differential Gene Expression
Pairwise comparisons of the transcriptional responses between drought and
control groups in each developmental stage were conducted. The V6 stage had a total of
6980 differentially expressed genes, 3868 downregulated and 3112 upregulated. The
V12 stage had a total of 1536 differentially expressed genes, 883 downregulated and 653
upregulated. The VT stage had a total of 3154 differentially expressed genes, 1360
downregulated, 1794 upregulated (Figure 8).
Multi-dimensional scaling (Figure 9) indicated that the drought and control
replicates within the V6 development stage clustered together but each group was very
distinct from the other, while V12 control replicates clustered, as did VT control
replicates. V12 and VT drought replicates clustered loosely.
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Figure 8 – Number of Differentially Expressed Genes By Developmental Stage.
Number of genes (x axis) that were differentially expressed in drought versus control
groups, per developmental stage (y axis). All genes conformed to a p-value cutoff of
0.05, and an absolute log-fold-change value cutoff of 0.5.
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Metabolic Pathway Analysis
Mapping differentially expressed genes to generic canonical metabolic pathways
resulted in a set of 59 different regulatory/signaling cascade maps, each of which was
manually evaluated per developmental stage to determine which pathways showed
significant up or downregulation, or as having no change, according to the protocol
described in the methods section. These evaluations took into account differences on a
per-developmental-stage basis. A prime example of this is the abscisic acid pathway,
which was upregulated in V6 and V12, with no change in VT between drought and
control groups (Figure 10). This is significant due to the fact that abscisic acid plays a
role in stomatal closure, and these data indicate that V6 and V12 are closing their stomata
while VT is not.
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Figure 10 – Abscisic Acid Pathway Comparison. Regulatory/signaling cascade map of
abscisic acid (ABA), known to play a role in stomatal closure and water conservation.
Orange indicates upregulation of genes in the pathway, while blue indicates pathway
context both before and after the gene cascade, white indicates no differential expression
between drought and control groups. At the top, V6 and V12 show upregulation, but VT
at the bottom shows no change in gene expression levels between drought and control
groups.
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The number of metabolic pathways that were impacted by drought varied with
each developmental stage. The V6 stage had 53 drought-impacted pathways, while the
V12 had 12 and VT had 10. Some of these pathways were common to two or more of the
developmental stages, indicating commonality or differentiation of drought effects
between them (Figure 11).
The transcriptional profiles indicate that drought induced broad system-level
responses among all developmental stages, with the greatest similarity between V12 and
VT drought groups. The gene expression similarity between V12 and VT drought groups
(Figure 9) appears to align with their metabolic analysis data, with both stages having 1012 drought-impacted metabolic pathways, 4 of which (36 +- 3%) are shared (Table 1). In
contrast, the V6 stage had 53 drought impacted pathways, 41 of which (77.4%) were not
shared with any other stage, and of the 12 that were shared with other stages, 8 were
shared with V12 and 6 were shared with VT. This shared portion of drought-impacted
pathways with V6 comprises 66.7% of all V12 pathways, and 60% of all VT pathways.
The V12 and VT stages only had two drought-impacted pathways each which
were not shared with any other stage (Table 2), comprising only 18 +- 2% of their total
impacted pathways, and making them the least distinctive stages with regard to metabolic
drought response. With 63.4 +- 3% of all drought impacted pathways in V12 and VT
also being impacted in V6, the data indicates that a core set of metabolic pathways
responsive to drought are shared among all developmental stages. In addition to this core
set, V6 has 41 uniquely impacted pathways, which comprises 69.5% of the 59 total
drought-impacted pathways across all developmental stages (Tables 3 through 5).
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Figure 11 - Venn Diagram of Pathway Similarity Between Stages. Comparison of
significantly differentially expressed metabolic pathways for different stages of
development. All indicated pathways were impacted by drought. V6 refers to the six leaf
developmental stage, V12 to the twelve leaf, and VT to the developmental stage
producing tassels. Figure produced from (http://bioinformatics.psb.ugent.be/cgibin/liste/Venn/calculate_venn.htpl).
Points of Metabolic Drought Stress Response Commonality
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Fourteen of the drought-impacted pathways were common to two or more of the
developmental stages. Twelve (85.7%) of these pathways were common to V6, ten
(71.4.2%) were common to V12, and eight (57.1%) were common to VT (Figure 10).
The fourteen drought impacted pathways common to two or more stages can be
organized into four broad functional categories based on the putative function of each
pathway: a) non-damage associated stress response; b) damage associated stress response
and reduced tolerance; c) growth and development; and d) additional uncategorized
pathways (Table 1, Figure 12 Panel A).
Non-damage associated stress response (Table 1, Panel A) was comprised of
pathways that mitigate the harm done by drought such as tryptophan which has been
shown to promote drought stress tolerance (Yasmin et al. 2017), and abscisic acid shown
to play a role in stomatal closure and water use efficiency (Kriedemann et al. 1972; Cai et
al. 2017), and salicylic acid, shown to alleviate oxidative stress and play a role in
antioxidant defense response (Kaya et al. 2020). Also included in this category are other
pathways with putative functions less clearly tied to drought tolerance, but that are clearly
stress responses that don’t indicate the plants are taking damage. Among these are the
upregulation of pectin, known to be a component of maize sap under drought conditions
(Alvarez et al. 2008), downregulation of photosynthesis as well as photosynthesis
antenna proteins, known to respond to drought stress with reduced photochemical activity
(Liu J et al. 2018), and upregulation of sucrose, shown to be a stress response to high
salinity (Gavaghan et al 2011).
Damage associated stress response and reduced stress tolerance (Table 1, Panel B)
is a category encompassing pathways that indicate extreme stress effects such as tissue
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damage, and a compromised ability to tolerate drought stress. These pathways include
upregulation of ethylene defense response, shown to be a response to insect herbivory
(Harfouche et al. 2006), upregulation of protein processing in the endoplasmic reticulum,
shown to play a role in the processing of damaged or denatured proteins (Li G Z and Ye
X Y 2021) and upregulation of the degradation of valine, leucine, and isoleucine, known
to be thermo-mitigation and heat shock proteins (Li J et al. 2019). In addition, this
category includes pathways found in V6 alone with putative functions indicating a
reduced tolerance to drought stress. Examples include the downregulation of glycine and
L-arginine, indicating a compromised capacity for heat stress resistance (Matysiak et al.
2020), as well as a downregulation of spermidine, indicating a compromised drought
tolerance (Li L et al. 2018).
Growth and development (Table 1, Panel C) is a category comprised of pathways
that were triggered by drought stress, do not have putative functions directly associated
with drought or stress, but are related to some aspect of growth or plant development,
which given the application of drought, has become a priority under stress conditions.
Examples include upregulation of endocytosis, known to play a role in tassel
development and regulation of organogenesis (Nevo 2020), upregulation of fructose &
mannose, known to be signaling molecules involved in the regulation of plant growth and
development (Yoon et al. 2021), N-Acetylglocosamine (GlcNAc), shown to be involved
in hormone response and flower development (Xu SL et al. 2017), and auxin, known to
be involved in plant growth (Galli et al. 2018).
Additional uncategorized pathways (Table 1, Panel D) is comprised of pathways
with putative functions that do not readily fit into any of the three other categories, or
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with putative functions that are ambiguous with regard to drought stress response.
Examples of this are the downregulation of ethylene defense response, which has been
shown to be a stress response to insect herbivory (Harfouche et al. 2006), the
downregulation of circadian rhythm and photomorphogenesis, known to play a role in
chloroplast development, among other things (von Armin & Deng 1994), and the
downregulation of hexadecanoate, known to be play a role in leaf cuticle development
and leaf curling response (Matschi et al. 2020).
Two drought-impacted pathways were common to all three developmental stages:
pectin and ethylene defense response. The ethylene defense response pathway (Table 1,
Panel D and Table 4) was noteworthy in that it was downregulated in V12 and VT, but
upregulated in V6. The upregulation in V6 was considered a sign of tissue damage due
to elevated stress (Harfouche et al. 2006), whereas the function of downregulation in V12
and VT was not easily understood based on the literature, and so this single pathway was
sorted into two different categories according to up or down regulation.
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Non-Damage Associated Stress Response
Shared Pathways

Reg.

Abscisic acid

up

Fru-2,6-P(2)

up

Pectin

up

Photosynthesis

down

Photosynthesis
antenna proteins
Salicylic acid

down

Sucrose

up

up

Putative Function in Maize

Citation

Stages

signals guard cells to close stomata in
response to drought stress
coordinates photosynthetic carbon flux
into sucrose & starch biosynthesis
involved in cell wall metabolism, can be
component of maize sap under drought
drought stress shown to inhibit
photochemical activity in PS1 & PS2
severe drought stress shown to inhibit
photochemical activity in PS1 & PS2
alleviation of oxidative stress and
antioxidant defense system
stress response to high salinity

Wu et al. 2019

V6, V12

Nielsen et al. 2004

V6, VT

Alvarez et al. 2008

All

Liu J et al. 2018

V6, V12

Liu J et al. 2018

V6, V12

Kaya et al. 2020

V6, V12

Gavaghan et al.
2011

V12, VT

Damage Associated Stress Response And Reduced Stress Tolerance
Shared Pathways

Reg.

Ethylene defense
response
Protein Processing
in ER
Valine, leucine,
isoleucine
degradation

up
up
up

Putative Function in Maize

Citation

Stages

upregulated production is a stress
response to insect herbivory
processing of damaged or denatured
proteins
thermomitigation & heat shock
proteins

Harfouche et al.
2006
Li GZ and Ye XY
2021
Li J et al. 2019

V6
V6, V12

Putative Function in Maize

Citation

Stages

low levels can suppress the expression
of target genes related to growth
related to plant growth
tassel development & regulation of
organogenesis
signaling molecules, regulation of plant
growth & development
hormone response & flower
development

Galli et al. 2018

V6

Galli et al. 2018
Nevo 2020

V12
V6, VT

Yoon J et al. 2021

V12, VT

Xu SL et al. 2017

V6, VT

V6, VT

Growth and Development
Shared Pathways

Reg.

Auxin

down

Auxin
Endocytosis

up
up

Fructose &
mannose
GlcNAc

up
up

Additional Uncategorized Pathways
Shared Pathways

Reg.

Ethylene defense
response

down

Putative Function in Maize

Citation

Stages

production is a stress response to insect
herbivory

Harfouche et al.
2006

V12, VT

1

Table 1 – Shared Metabolic Pathways Modulated by Drought. Panel A at the top lists
pathways common to two or more stages in the non-damage associated stress response
category. Panel B lists pathways in the damage associated stress response and reduced
stress tolerance category, Panel C lists pathways in the growth and development category,
and Panel D at the bottom includes an additional uncategorized pathway.
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Commonly

Commonly Impacted Pathways
14
12
10
8
6
4

Uniquely

2

Number of Pathways

0
V6

V12

Uniquely Impacted Pathways

VT

35
30
25

All

20
15
10
5
0
V6

V12

VT

All Impacted Pathways
50
40
30
20
10
0
V6

V12

VT

Developmental Stages
Center for Space and Earth Science
[Focus Area] Symposium, [Date]

Non-Damage
Associated Stress
Response
Damage Associated
Stress Response And
Reduced Stress Tolerance
Growth and
Development

Figure 12 – Categorized Pathways by Stage. Panel A shows the number of pathways
participating in each category and stage, from among the pathways common to two or
more stages. Panel B shows the same thing, but for pathways unique to a given stage
only. Panel C shows all the pathways (both common and unique) participating in each
category, broken down by stage. Additional uncategorized pathways were excluded from
the bar graphs, even though they are included in the Venn diagram.
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Stage Specific Metabolic Pathway Response
The V12 developmental stage only had two drought-impacted pathways that were
not shared with any other stage: Tryptophan and D-fructose, cyclodextrin (Table 2 Panel
A). Based on the putative functions of both of these pathways, they could best be
characterized as stress tolerance responses, and therefore belong to the non-damage
associated stress response category (Figure 12, Panel B).
The VT developmental stage also only had two drought impacted pathways that
were not shared with any other stage: pyruvate and glycerolipid (Table 2 Panel B). Based
on the putative functions of both of these pathways, they could best be categorized as
growth and development responses (Figure11, Panel B).
Compared to the V12 and VT developmental stages, the impact of drought on the
metabolism of V6 was extreme, with 41 pathways uniquely modulated compared to the
other developmental stages (Figure 11, Panel B). Of these 41 drought-impacted
pathways unique to V6, 20 (48.8%) were associated classified as non-damage associated
stress response (Table 3), 6 (14.6%) were categorized as damage associated stress
response and reduced stress tolerance (Table 4), and 7 (17.1%) were categorized as being
growth and development pathways (Table 5, Panel A).
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V12 Specific Pathways - Non-Damage Associated Stress Response
V12 Specific
Pathway
D-fructose,
Cyclodextrin
Tryptophan

Reg.
up
up

Putative Function in Maize

Citation

root growth & water use efficiency, impacted by
soil water
improved drought tolerance by boosting efficiency
of root microbes

Zhang J et al. 2021
Yasmin et al. 2017

VT Specific Pathways - Growth and Development
VT Specific
Pathway

Reg.

Glycerolipid
Pyruvate

up
up

Putative Function in Maize

Citation

thylakoid biogenesis and photosynthesis
related to C4 cycle, Calvin cycle, components of
photochemistry

Kelly et al. 2016
Zhang et al. 2018

Table 2 – Specific Drought-Impacted Pathways for V12 and VT. Panel A shows the
two drought-impacted pathways for V12, and panel B shows the two drought-impacted
pathways for VT. Both of the V12 pathways in panel A are best categorized as nondamage associated stress response, while both of the VT pathways in panel B are best
categorized as growth and development.
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V6 Non-Damage Associated Stress Response
Unique Pathways

Reg.

Acetyl-CoA

up

Autophagy

up

Beta alanine
Cyanoamino acid
Cytokinin

up
down
down

Exon junction
complex
Feruloyl-CoA

down
up

GABA

up

Galactose

up

Glutatione

up

Glycero
phospholipid

up

Glyoxylate &
dicarboxylate
N-glycan
biosynthesis
Nuclear pore
complex
Programmed cell
death
Ribosomal
component
Spliceosome
Sphingolipid
biosynthesis
Stomatal closure
Sulfur

down
up
up
up
up
up
up
up
up

Putative Function in Maize

Citation

involved in melanin and furan toxin
production, part of MAPK pathogen signaling
pathway
recycling of proteins, lipids, nucleic acids, etc.,
under nutrient limitation & fixed-carbon
starvation
indicates drought tolerance
involved in heat stress tolerance
lower levels can lead to formation of larger
root systems
indicative of drought stress conditions

Xuan et al. 2018

plant cell wall recalcitrance and abiotic stress
response
indicates stress response, promotes root
growth & enlargement
indicates stress response, plays a role in
antioxidant production via ascorbic acid and
carotenoids
helps mitigate damage of reactive oxidative
species due to abiotic stress
plays a role in different stress responses &
plant defense as a signaling component of lipid
metabolism
plays a role in energy production

McLoughlin et al.
2020
Devnarain et al. 2019
Liu et al. 2022
Ramireddy et al. 2021
Nan et al. 2018
Adhikari et al. 2018
Li L et al. 2021; Sharp
et al. 2004
Araniti et al. 2018
Mallikarjuna et al.
2022
Righetti et al. 2019
Catav et al. 2018

contributes to salt tolerance, cellulose
biosynthesis and growth under stress
over expression promotes antioxidant enzymes
under drought stress
plays a role in mitigating drought stress due to
oxidative damage
indicative of severe drought stress

Nagashima et al. 2018

plays a critical role in heat stress response
content can change under abiotic stress, major
endomembrane lipids with signaling roles
shown to play a role in drought stress response
indicates stress response to alleviate excessive
salinity

Quian et al. 2019
Zhang D 2021

Liu Z et al. 2022
Latif S et al. 2020
Li H J et al. 2021

Grant O M et al. 2006
Riffat & Ahmad 2018

Table 3 – V6 Non-Damage Associated Stress Response. An alphabetical listing of the
20 pathways found to be drought impacted in the V6 stage only, which based upon
putative function are also categorized as non-damage
associated stress response.
1
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V6 Damage Associated Stress Response And Reduced Stress Tolerance
Unique Pathways

Reg.

Glycine

down

Green chlorophyll

down

L-arginine
Oxydative
phosphorylation
Proteasome

down
down

Spermidine

down

up

Putative Function in Maize

Citation

indicates a compromised capacity for heat
stress resistance
indicates a compromised capacity for drought
recovery
indicates compromised heat stress tolerance
indicates abiotic stress, reduction indicates
compromise of the citric acid cycle
plays a role in degradation of damaged
proteins
indicative of compromised drought tolerance

Matysiak et al. 2020
Li Y et al. 2019
Matysiak et al. 2020
Zhu 2016
Goldberg et al. 1997
Li L et al. 2018

Table 4 – Damage Associated Stress Response And Reduced Stress Tolerance. An
alphabetical listing of the 6 pathways found to be drought impacted in the V6 stage only,
which based upon putative function are categorized as damage associated stress response
and reduced stress tolerance.
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V6 Growth and Development
Unique Pathways

Reg.

Acetolactate

down

Acetylcholine

down

Amino & Nucleotide
Sugar
Aminoacyl tRNA
biosynthesis
Citrate

down

Gibberellin

down

down
down

Putative Function in Maize

Citation

involved in protein synthesis, plays a role in
maize response to insect herbivory
involved in growth, leaf movement &
membrane permeability
can suppress root growth, inhibit glucose
metabolism and growth in general
critical component of protein biosynthesis &
organelle transport
indicates reduction in energy production

Li Y et al. 2020

downregulation shown to impact plant height,
resulting in reduced stature

Roychoudhury 2020
Matysiak et al. 2020
Ibba and Söll 2000;
Moutiez et al. 2017
Igamberdiev A U &
Eprintsev A T 2016
Paciorek et al. 2022

V6 Additional Uncategorized Pathways
Unique Pathways

Reg.

Cinnamaldehyde

down

Circadian rhythm,
photomorphogenesis
Hexadecanoate

down

Hydroxy fatty acid
degradation
Jasmonic acid

up
up

Malonyl-CoA

up

N-carbamoyl

down

Propanoyl-CoA
Ubiquinone

up
up

down

Putative Function in Maize

Citation

has been shown to have an insecticidal
function
plays a role in biogenesis of chlorophyll,
anthocyanin, chloroplast development
component of cutin polyester involved in leaf
cuticle development, plays role in leaf curling
response
is a component of cutin polyester and cuticular
waxes
developmental processes and defense response
in plants
shown to share biosynthetic pathways with
anthocanins, crude fat, fatty acids
involved in polyamines metabolism &
regulation of growth
plays a role in fatty acid chain catabolism
vital respiratory cofactor in plants

Zaio et al. 2018
von Armin & Deng
1994
Matschi et al. 2020
Matschi et al. 2020
Ahmad et al. 2019
Nankar et al. 2020
Upadhyay et al. 2020
Zhang Y Q et al. 2004
Soubeyrand et al.
2018

Table 5 – V6 Growth and Development, and Additional Uncategorized Pathways.
Panel A above is an alphabetical listing of the 6 pathways found to be drought impacted
in the V6 stage only, which based upon putative function are categorized as growth and
development. Panel B below consists of 9 additional pathways which based upon
putative function could not be easily categorized.
1
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DISCUSSION
This study tested the hypothesis that the physiological differences previously
observed in maize drought response between pre-tassel and post tassel stages have
corresponding metabolic pathway responses based on transcriptomics, and that there are
differences in these responses to drought between developmental stages. Indeed,
connections were observed between the physiologically measurable impacts of drought
and transcriptomic-based metabolic pathway response analysis. Furthermore, the results
indicate that there are important differences in responses of metabolic pathways to
drought between two pre-tassel developmental stages, and that these differences are not
evident based on the physiological measurements taken in this study alone.
The multidimensional scaling plot (Figure 9) indicates that drought replicates for
V12 and VT grouped together and are distinct from other treatments, indicating a greater
degree of similarity between these two groups than between other groups. Collectively,
these results indicate that global shifts in the transcriptome were observed in control vs
drought groups at all stages of development, with the V6 stage showing the greatest shift
in transcriptome response.
Each stage had a specific metabolic pathway response under drought conditions.
The tendency to contain a high ratio of damage associated stress response and reduced
stress tolerance pathways is an observable trend in V6, independent of any pathway
group considerations such as common pathways, unique pathways, or all pathways.
Similarly, the tendencies of V12 to contain a high ratio of non-damage associated stress
response pathways was an observable trend regardless of whether the pathways were
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common, unique or all-inclusive. The VT stage also showed the same observable trend,
but it contained a high ratio of growth and developmental pathways (Figure 13).
Drought posed the biggest metabolic pathway disruption at the V6 stage both in
terms of the sheer number of impacted pathways, and the high ratio of pathways
categorized as damage associated stress responses and reduced stress tolerance responses.
There is some indication that drought had impacts that could affect the V6 plants long
term, including their ability to recover from drought. Specifically, downregulation of
chlorophyl has been shown to indicate a compromised ability to recover from drought (Li
Y et al. 2019), the downregulation of gibberellin, which has been shown to impact plant
stature (Paciorek et al. 2022), and the downregulation of amino and nucleotide sugar,
which has been shown to inhibit root growth, and plant growth in general (Matysiak et al.
2020). Overall, the response of V6 to drought can be characterized as one of struggling
to survive, as drought posed a significant threat to the wellbeing of the plants (Figure 13).
In contrast, the V12 stage showed great resiliency in the face of drought. Not
only did it take twice as long for the drought protocol to induce low stomatal conductance
in these plants (Figure 2), but they had the fewest overall number of differentially
expressed genes when comparing the drought group to the control group (Figure 7). The
majority of pathways impacted by drought in V12 were categorized as non-damage
associated stress responses based upon putative function. Notable among these were a
downregulation of abscisic acid, known to play a role in stomatal closure and water
conservation (Wu et al. 2019), and a downregulation of photosynthesis in general, which
has also been shown to be related to water conservation (Liu J et al. 2018). Overall, the
V12 plants seemed to be not only the most resilient, both in terms of employing water
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conserving strategies and in modulating only one pathway categorized as a damage
associated stress response and reduced stress tolerance. In terms of percentage of
drought-impacted pathways per category, the V12 plants were the most engaged in nondamage associated stress responses (Figure 13).
The VT stage was remarkable in that it did not appear to respond very strongly to
drought, and instead focused resources on growth and development, including attempting
to produce seed. VT wasn’t entirely non-responsive to drought stress, in fact it had one
pathway categorized as damage associated stress response and reduced stress tolerance,
and another couple categorized as non-damage associated stress responses. However,
unlike V12 and V6, none of these were related to stomatal closure, nor to reduction in
photosynthesis. To the contrary, VT plants seem to have a heightened focus on energy
production in the face of drought, based on the putative functions of impacted pathways.
Specifically, the upregulation of glycerolipid metabolism has been shown to play a role in
thylakoid biogenesis and photosynthesis (Kelly et al. 2016), along with the upregulation
of pyruvate metabolism, which has been shown to be related to the C4 cycle, the Calvin
cycle, and components of photochemistry (Zhang et al. 2018). Also noteworthy at the
VT stage was the modulation of transcripts associated with flower production.
Specifically, the upregulation of the endocytosis pathway, which has been shown to play
a role in tassel development and organogenesis (Nevo 2020), as well as the upregulation
of GlcNAc, which has been shown to play a role in hormone response and flower
development (Xu SL et al. 2017). Overall, VT could be characterized as prioritizing
flower and seed production, rather than to trying to conserve water via stomatal closure
or reduction in photosynthesis (Figure 13).
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Number of Categorized Pathways
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0
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•

•
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9-fold increase in damage associated
stress response and reduced stress
tolerance pathways compared to V12
and VT.
Stress response Includes stomatal
closure & water conservation.
~ 5-fold increase in impacted
pathways overall compared to V12 &
VT.

Non-Damage Associated Stress
Response

V12

•

•

7 out of 9 pathways categorized
as non-damage responses,
which Included stomatal closure
& water conservation.
These plants took 16 days of
drought to achieve low stomatal
conductance, compared to 8
days with V6 and VT.
Damage Associated Stress Response &

Center for Space and Earth Science
Reduced
Stress[Date]
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[Focus
Area] Symposium,

VT

•

•
•

5 out of 9 pathways categorized
as growth and development,
including flower & energy
production.
No indication of stomatal
closure or water conservation.
Only one pathway categorized as
damage associated response.
Growth & Development

Figure 13 – Drought Response Model By Stage. Summary of all of the categorized
pathways impacted by drought in each stage, with drought threatening the survival of the
V6 stage, the V12 stage showing the most resilience, and the VT stage focusing on
energy and seed production.
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An interesting result of this investigation was the impact of drought on pathways
that have putative functions related to insect herbivory and heat shock stress. As
previously mentioned, this experiment was conducted in a controlled greenhouse setting,
which included climate controls, and temperatures were maintained at between 22-25 °C
(+/- 1°). In addition, there was no evidence of insects present in the greenhouse, and no
evidence of any biting or chewing on the leaves sampled, nor on any other part of the
plants. It has been shown, however, that severe osmotic stress can trigger a wounding
response in plants, due to the breakdown of cells under extreme conditions (Denecamph
and Smeekens 2003).
The V6 response with regard to wounding and ethylene upregulation is consistent
with this finding, especially considering that was no evidence of wounding. In this case,
the “wounding” indicates internal tissue damage brought on by drought, which would
indicate an extreme level of drought stress. Similarly, it has been shown that if drought
stress is extreme enough to cause cellular damage, heat shock proteins will be expressed
by maize plants as a defense response (Ristic et al 1998). In terms of categorizing the
putative functions of a given pathway, anything related to wounding response, insect
herbivory, or heat stress was deemed to be in the damage associated stress response and
reduced stress tolerance category.
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Real World Applications
A major goal of this study was to provide useful data from a metabolic and
developmental-stage-relevant perspective that could help inform water use conservation
strategies. This research indicates that maize plants are most vulnerable to drought at an
early stage, most resistant just prior to producing tassels, and hardy but not efficient in
water use after tassels emerge.
Based on these findings, maize should be well irrigated up until the V6 stage (and
possibly beyond that) as drought stress at an early stage will stunt the plants, and possibly
kill them. Once the plants reach the V12 stage (and possibly before V12), they are much
more resistant to drought, and water can be safely restricted at this time without causing
long-term damage to the plants. At the VT stage, irrigation should be increased to
preserve crop yield (Ge et al. 2012), as the plants are no longer closing stomata, limiting
photosynthesis, or conserving water. While previous research has indicated that
withholding water at the VT stage will negatively impact crop yield (Ge et al. 2012), the
metabolic mechanism behind this phenomenon was poorly understood. This study offers
metabolic evidence suggesting that the reason for this is due to the fact that at the VT
stage, plants are putting all resources into continuing to grow and develop flowers in
order to produce seed.
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Future Research
Because this study only investigated the V6, V12 and VT stages, it is impossible
to say for certain at which stage the plants transition from being vulnerable to drought (as
is V6) to being more resistant to drought (as is V12) . For example, there must be
transitionary metabolic responses to drought between the developmental stages
investigated in this study, such as V4, V8, V13, etc. Future research focused on
measuring when plants transition from being vulnerable to being resistant, and from
being resistant to being focused on seed set will be informative to fine-tune water
conservation strategies.
This study did not include a recovery protocol in its experimental design,
therefore further research could be conducted by watering plants after drought treatment
and sampling tissue to assess recovery response(s) at different developmental stages.
This information would be incredibly useful if the plants were then allowed to progress
until the point of crop production, in order to get a sense of how crop yield is impacted
depending when in its development the maize was subjected to drought.
Lastly, this data demonstrates unique metabolic pathway responses to drought at
different developmental stages in B73 maize. How might other strains and land races of
maize respond in comparison to B73? What might be learned by replicating this
experiment using traditional drought-resistant varieties of maize such as Hopi corn?
Future research in this area could be useful in pairing specific kinds of corn with growing
environments which have enough water for them to thrive while trying to maintain crop
production in the face of climate change related drought.
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